Abstract An enantioselective one-pot Michael addition/Conia-ene reaction sequence catalyzed by the combination of a squaramide and indium(III) triflate has been developed. Employing 2-ethynyl-β-nitrostyrenes and 1,3-dicarbonyl compounds as substrates, the functionalized methyleneindanes and methylindenes are obtained in good to excellent enantiomeric excesses. For the indane/indene conversion a concerted fragmentation is proposed.
The importance of the indane and indene scaffolds in pharmaceutical chemistry cannot be overstated. 1 There are numerous examples of successfully implemented molecules and the scope of their bioactivity is far reaching and broad. 2, 3 In Figure 1 the structures of indinavir (I), an HIV-1 protease inhibitor, 4 indantadol (II), an antiepileptic agent, 5 the nonsteroidal anti-inflammatory drug sulindac (III), 6 the amine uptake inhibitor indatraline (IV), 7 and the anti-inflammatory drug clidanac (V) 8 are given as typical examples of bioactive indanes and indenes. At the same time, these scaffolds have gained enormous importance in materials science. 9, 10 Recently, there has been a lot of growth in the research field of organocatalysis in combination with transitionmetal catalysis, 11 enabling a large number of new accessible transformations. Our group showed the possibility of exploiting the versatile reactivity of 2-ethynyl-β-nitrostyrenes 1 to form tetracyclic indole derivatives 12 and spiropyrazolones 13 using either gold or silver salts as the metal catalyst. In particular, the Conia-ene reaction is an efficient tool which offers an easy, straightforward, and atomeconomical approach towards cyclopentanes and cyclohexanes, as well as their heterocyclic counterparts.
14 Due to its great synthetic potential, the combination of organocatalysis with the Conia-ene reaction has been the topic of several investigations. There are novel opportunities for the introduction of stereoinformation into various important target molecules. 13, 15 In addition to the mentioned Conia-ene reactions, there have been further reports on the combination of organocatalysis and indium catalysis for various transformations, such as the α-alkylation of aldehydes, 16 allylation reactions, 17 1,2/1,4-additions to enones, 18 and hetero-Diels-Alder reactions. 19 To the best of our knowledge, there is only one example of an asymmetric organocatalysis/Conia-ene sequence, employing an indium salt as the metal catalyst, precedent in the literature. 15c In contrast to our envisioned protocol, 
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Initially, we focused on the enantioselective Michael addition and thus treated 2-ethynyl-β-nitrostyrene (1a) with acetylacetone (2a) in the presence of different squaramide and thiourea catalysts in dichloromethane (Scheme 1).
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While the thiourea catalyst E did not show any catalytic activity in this reaction, all of the tested squaramide catalysts showed very satisfying results. This might be due to the tertiary amine moiety, which the tested thiourea catalyst does not bear, assisting in deprotonation of the nucleophile. Catalyst A derived from quinine showed the best asymmetric induction with 98% ee and an excellent yield of 92%.
Scheme 1 Catalyst screening for the Michael reaction
In the next step, the choice of solvent was investigated using a reduced amount of catalyst A of only 0.5 mol% (Table 1). The results in dichloromethane and chloroform were quite similar but, surprisingly, the lower catalyst loading had a beneficial effect on the stereoselectivity of this reaction. This may be due to a competing side reaction with higher catalyst loading. In toluene and in diethyl ether the reaction did not proceed as smoothly as in the chlorinated solvents and gave only mediocre yields. Overall, the choice of solvent did not have a stark influence on the asymmetric induction, as all isolated products had an enantiomeric excess of at least 98% ee. In order to optimize the conditions for the Conia-ene cyclization of the Michael adduct 3 to form the methyleneindane 4a, several metal salts were investigated ( Table 2 ). The selection of metal sources was based on prior reports in the literature of their successful application in similar Conia-ene reactions.
22 While 10 mol% of AgNTf 2 in toluene showed no catalytic activity, all of the tested gold sources led to decomposition of the starting material (entries 1-4). Irrespective of the phosphine ligand and the solvent, the reaction was very torpid and gave no isolable product but a complex mixture of compounds. When copper(I) chloride in chloroform was used no reaction was observed, even when the temperature was raised to 50 °C (entry 5). Zinc(II) chloride showed some reactivity, but after 24 hours at 80 °C only a trace amount of 4a could be isolated (entry 6). Increasing the temperature to 100 °C for an hour did not improve the results.
With indium(III) triflate in toluene at 80 °C, complete conversion was achieved after 3 hours with a surprising result. In addition to the expected methyleneindane 4a, a second product was isolated and identified as methylindene 5a (Table 2, entry 7). When iron(III) chloride in chloroform was employed at room temperature, full conversion with a strong preference towards methylindene 5a was observed after 5 hours and methyleneindane 4a was only isolated in a small amount (entry 8). With these optimized conditions in hand, the reaction sequence was combined for a one-pot protocol and the scope of the reaction was explored (Table 3) . When the diketone acetylacetone (2a) was employed in the reaction with the unsubstituted 2-ethynyl-β-nitrostyrene (1a), the yield of methyleneindane 4a was very good (76%) and a virtually complete stereoselectivity was observed. At the same time, the methylindene 5a was obtained in 23% yield with an excellent enantioselectivity of 98% ee. In an additional attempt to influence the selectivity of this reaction, the temperature during the indium-catalyzed step was increased to 100 °C, but this gave exactly the same result concerning both yield and enantiomeric excess of 4a and 5a. For 2-ethynyl-β-nitrostyrenes bearing a halide at the paraposition to the triple bond, only small amounts of the methyleneindanes 4b and 4c were isolated; however, both still exhibited excellent enantiomeric excesses. When chlorine was replaced by fluorine, the yield for the methylindene 5c was slighthly better. Electron-rich arene substrates bearing a methoxy or methylenedioxy moiety gave no methyleneindane; however, the corresponding methylindenes 5d and 5e were isolated in good to excellent yields. While the asymmetric induction for 5d was virtually complete, the stereoselectivity for 5e was still very good with 95% ee. With heptane-3,5-dione (2, R 2 = Et) as the diketone compound, only the methylindene 5f was obtained in a good yield of 60% and an excellent enantiomeric excess of 97%.
In the next step, different malonates were subjected to these reaction conditions. Unfortunately, the catalyst loading of the first step had to be increased to 5 mol% as no reaction with diesters occurred using a lower amount. With all the tested malonates, only the expected methyleneindane 4 was formed ( Table 3 ). The combination of the unsubstituted 2-ethynyl-β-nitrostyrene (1a) and dimethyl malonate gave the corresponding indane 4g in 61% yield and with an excellent enantioselectivity of 95% ee. Changing dimethyl malonate to diethyl malonate gave almost identical results with a good yield and excellent ee value of 4h. In addition, several substituents R 1 at the aromatic ring of the nitroolefin, such as chlorine, fluorine, and methoxy, as well as bis(chlorophenyl) malonates, were tolerated and very good enantioselectivities of 76-95% ee were reached (4i-n).
However, the one-pot Michael/Conia-ene protocol also showed its limitations. Several diketones, such as hexafluoroacetylacetone, dimedone, and indandione, as well as substituted phenylmalonates, sterically demanding malonates (R 2 = Ot-Bu), and Meldrum's acid, showed no reactivity. When an internal alkyne instead of a terminal alkyne moiety was used, the Michael addition occurred but there was no subsequent cyclization reaction.
To further explore the formation of the unexpected methylindenes and to pursue the presumption of a subsequent process, instead of a competing side reaction, the isolated methyleneindane 4a was resubjected to the cyclization conditions with iron(III) chloride in chloroform at room temperature. After 5 hours, the methylindene 5a was 
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obtained in 96% yield (Scheme 2). Based on this result showing a subsequent, and not a competing, reaction pathway, we postulate a fragmentation mechanism (Scheme 3). After enolization of the methyleneindane ketones 4a-e, a concerted fragmentation reaction occurs with the loss of ketene and the formation of methylindenes 5a-e. This reaction pathway is in agreement with the product selectivity of the malonates, since the corresponding methyleneindanedicarboxylates 4g-n cannot undergo an enolization. Additionally, the product selectivity for the electron-rich arenes with the donor methoxy or methylenedioxy R 1 group at the para-position and conjugation with the reacting double bond can be explained, resulting only in the methylindenes 5d and 5e.
The proposed fragmentation is supported by HRMS measurements, which showed that in the conversion of 4a into 5a the exact mass of ketene was lost. This type of concerted fragmentation has been described previously under basic conditions, 23 and was used by Mander and Woolias on cyclic derivatives. 24 In conclusion, we have developed a novel one-pot enantioselective synthesis of methyleneindanes and methylindenes in good to excellent enantiomeric excesses (76-99% 
ee) based on a catalytic Michael/Conia-ene sequence employing 2-ethynyl-β-nitrostyrenes and 1,3-dicarbonyl compounds as substrates. The formation of the methylindenes can be explained by a subsequent concerted fragmentation and loss of ketene.
All commercially available compounds were used without further purification. Analytical TLC was performed using Macherey & Nagel SIL G-25 UV254 silica gel, particle size 0.040-0.063 mm (230-240 mesh, flash). UV irradiation (254 nm) was used to visualize the developed TLC plates. Optical rotations were measured on a Perkin-Elmer 241 polarimeter. Mass spectra were recorded on a Finnigan SSQ7000 spectrometer (EI, 70 eV) and HRMS on a Thermo Fisher Scientific Orbitrap XL spectrometer. IR spectra were recorded on a Perkin-Elmer FT-IR Spectrum 100 spectrometer using an ATR unit. 1 H and 13 C NMR spectra were recorded on Varian Mercury 600 or Inova 400 instruments with TMS as internal standard. Analytical HPLC was performed on an Agilent 1100 or 1260 Series instrument using chiral stationary phases (Chiralpak IC, Chiralpak IA, Chiralpak IB, Chiralpak AS, Chiralcel OD). The nitroalkenes 1 were prepared as described previously, 13 and the phenyl malonates 2l-n according to the reported procedure. 25 The catalysts A-D were synthesized as described earlier. 21c The absolute configuration of compounds 3, 4, and 5 was assigned by comparison with the products obtained in previous work. : 3240, 1709, 1546, 1483, 1446, 1358, 1253, 1143, 955, 774, 715, 676 2, 129.6, 128.2, 127.9, 121.6, 83.7, 80.9, 76.6, 69.2, 40.3, 30.7, 28.6. MS (EI, 70 eV): m/z (%) = 273.1 (7) 
IR (ATR)

Methyleneindanes/Methylindenes 4/5 by Sequential Catalysis; General Procedure
A solution of nitroalkene 1 (0.3 mmol), dicarbonyl compound 2 (0.33 mmol), and squaramide A (0.5-5 mol%) in CH 2 Cl 2 (1.5 mL) was stirred at r.t. for 2 h. The solvent was evaporated by heating at 50 °C and changed to toluene (1.5 mL). Then In(OTf) 3 (10 mol%) was added and the reaction mixture was heated at 80 °C for 3 h before being directly purified by flash column chromatography (silica gel, n-pentane/Et 2 O, 3:1).
(R)-1,1′-(1-Methylene-3-(nitromethyl)-2,3-dihydro-1H-indene-2,2-diyl)bis(ethan-1-one) (4a)
Compound 4a was isolated after flash chromatography (n-pentane/Et 2 4, 145.6, 141.7, 137.6, 130.3, 128.6, 123.6, 121.3, 110.2, 80.8, 75.8, 46.4, 28.2, 27 
(R)-1,1′-(5-Chloro-1-methylene-3-(nitromethyl)-2,3-dihydro-1H-indene-2,2-diyl)bis(ethan-1-one) (4b)
Compound 4b was isolated after flash chromatography (n-pentane/Et 2 O, 3:1); yield: 3 mg (3%, the major product was 5b); brownish oil; [ 4, 203.0, 144.4, 143.4, 136.2, 136.2, 129.1, 124.0, 122.4, 110.8, 80.9, 75.3, 46.0, 28 .0, 27.1. 
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(R)-1,1′-(5-Fluoro-1-methylene-3-(nitromethyl)-2,3-dihydro-1H-indene-2,2-diyl)bis(ethan-1-one) (4c)
Compound 4c was isolated after flash chromatography (n-pentane/Et 2 O, 3:1); yield: 6 mg (7%, the major product was 5c); colorless oil; : 2936, 2324, 2095, 1910, 1706, 1555, 1481, 1358, 1189, 889, 677 cm 1-Methylene-3-(nitromethyl)-1,3-dihydro-2H 7, 144.2, 140.5, 138.2, 129.8, 128.8, 123.8, 121.2, 111.1, 76.4, 66.8, 53.5, 53.1, 47.4 
IR (ATR)
Dimethyl (R)-
Diethyl (R)-1-Methylene-3-(nitromethyl)-1,3-dihydro-2H-indene-2,2-dicarboxylate (4h)
Compound 4h 
13
C NMR (151 MHz, CDCl 3 ): δ = 168. 5, 168.2, 144.2, 140.6, 138.3, 129.8, 128.7, 123.8, 121.2, 111.0, 76.6, 66.8, 62.4, 62.3, 47.3, 13.9, 13.8 . 1, 168.7, 161.3, 143.6, 142.2, 131.0, 122.4, 115.7, 108.7, 108.2, 76.4, 67.1, 55.5, 53.5, 53.1, 47.4 5-Chloro-1-methylene-3-(nitromethyl)-1,3-dihydro-2H-indene-2,2-dicarboxylate (4j) Compound 4j 7, 168.4, 143.0, 142.1, 136.9, 135.5, 129.2, 124.2, 122.4, 111.8, 76.0, 66.8, 53.6, 53.2, 47. : 3464, 3283, 2955, 2324, 2097, 1730, 1551, 1436, 1371, 1218, 1071, 916, 832, 690 cm -1 . 1 H NMR (400 MHz, CDCl 3 ): δ = 7.44 (dd, J = 8.5, 5.0 Hz, 1 H, CH Ar ), 6.99 (td, J = 8.6, 2.3 Hz, 1 H, CH Ar ), 6.89 (dd, J = 8.5, 2.3 Hz, 1 H, CH Ar ), 5.81 (s, 1 H, CH ol ), 5.57 (s, 1 H, CH ol ), 4.80 (dd, J = 12.4, 6.1 Hz, 1 H, CHCH 2 ), 4.76 (dd, J = 18.5, 5.6 Hz, 1 H, CHHNO 2 ), 4.66 (dd, J = 13.1, 5.9 Hz, 1 H, CHHNO 2 ), 3.78 (s, 3 H, CH 3 ), 3.72 (s, 3 H, CH 3 ). 13 C NMR (101 MHz, CDCl 3 ): δ = 168. 8, 168.4, 163.8, 142.9, 142.6, 134.3, 122.8, 116.4, 111.1, 110.7, 76.0, 67.0, 53.5, 53.2, 47 .1. IR (ATR): 3288, 3072, 2925 (ATR): 3288, 3072, , 2087 (ATR): 3288, 3072, , 1924 (ATR): 3288, 3072, , 1756 (ATR): 3288, 3072, , 1641 (ATR): 3288, 3072, , 1555 (ATR): 3288, 3072, , 1474 (ATR): 3288, 3072, , 1375 (ATR): 3288, 3072, , 1202 (ATR): 3288, 3072, , 1056 (ATR): 3288, 3072, , 1002 = 165.9, 165.6, 146.5, 146.3, 143.3, 140.3, 138.0, 130.6, 130.5, 130.1, 129.0, 128.0, 127.9, 127.8, 127.7, 126.8, 126.5, 123.9, 123.3, 123.1, 121.4, 112.5, 76.3, 66.9, 47.7. MS (EI, 70 eV): m/z (%) = 450.1 (10), 295.1 (43) IR (ATR): 3495, 3075, 2922, 2665, 2329, 2087, 1996, 1936, 1752, 1642, 1588, 1556, 1471, 1430, 1376, 1299, 1192, 1070, 998, 946, 874, 816, 769, 675 6, 166.2, 150.8, 150.4, 143.9, 139.9, 137.8, 135.0, 135.0, 130.5, 130.5, 130.4, 129.2, 127.1, 127.0, 123.9, 121.7, 121.7, 121.6, 119.4, 119.4, 112.1, 76.0, 66.9, 47.8 . : 3886, 3473, 3068, 2672, 2330, 2090, 1891, 1746, 1559, 1480, 1194, 1088 9, 166.5, 148.9, 148.5, 144.0, 139.9, 137.9, 132.2, 132.1, 130.3, 129.8 (2 C), 129.8 (2 C), 129.2, 123.9, 122.4 (2 C), 122.4 (2 C), 121.6, 112.0, 75.9, 66.9, 47.8. MS (EI, 70 eV): m/z (%) = 450.6 (3), 370.6 (10), 295.5 (25), 216.5 (62), 168.4 (100), 155.4 (34), 141.4 (71) 3438, 2924, 2337, 2092, 1921, 1710, 1639, 1545, 1430, 1358, 1245, 1163, 1002, 925, 843 = 195.9, 150.7, 144.4, 143.3, 138.9, 129.3, 128.4, 123.5, 122.3, 76.1, 47.4, 31.2, 13.7 : 3263, 2928, 2315, 2096, 1912, 1740, 1628, 1550, 1353, 1252, 1159, 1070, 984 6, 149.6, 144.9, 143.0, 139.0, 135.6, 128.9, 124.1, 123.3, 75.6, 47.2, 31.1, 13. : 3456, 3245, 3060, 2661, 2329, 2093, 1912, 1741, 1612, 1539, 1429, 1354, 1270, 1197, 1099, 841, 668 4, 163.8 (d), 149.9, 145.7 (d), 140.4 (d), 138.7 (d), 123.7 (d), 115.8 (d), 111.5 (d), 75.8, 47.2 (d) , 31.0, 13.8. 
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